1. Introduction {#sec1-ijms-20-06062}
===============

Type 2 diabetes (T2D) is a chronic metabolic disease in which the body cannot use insulin effectively \[[@B1-ijms-20-06062]\]. T2D is characterized by hyperglycemia, hyperinsulinemia, high plasma levels of free fatty acids (FFAs), and insulin resistance. Dyspnea, a shortness of breath, has been observed in patients with diabetes and patients with a family history of diabetes \[[@B2-ijms-20-06062]\]. Although dyspnea can result from a hyperglycemia- or hyperinsulinemia-related disease (such as cardiovascular disease, diabetic acidosis, or coronary heart disease \[[@B3-ijms-20-06062]\]), the cause of dyspnea remains unclear.

It has been suggested that T2D is associated with skeletal muscle atrophy. A recent study conducted on a group of patients (18--85 years old) from England showed that T2D is significantly associated with low skeletal muscle mass \[[@B4-ijms-20-06062]\]. Skeletal muscle is the primary site of glucose disposal in response to food intake and insulin, and skeletal muscle atrophy impairs glucose uptake and enhances T2D progression \[[@B5-ijms-20-06062]\]. Respiratory muscle strength has also been shown to be reduced in T2D patients compared to normal control subjects \[[@B6-ijms-20-06062]\], suggesting that T2D can induce muscle atrophy or weakness not only in the skeletal muscle of the extremities but also in respiratory muscles such as the diaphragm and intercostal muscles.

Skeletal muscle is classified depending on muscle fiber characteristics. Type I skeletal muscles are characterized by slow-twitch and oxidative fibers, while type II skeletal muscles are characterized by fast-twitch fibers. Type II fibers are classified further by their metabolic characteristics: type IIa fibers are fatigue-resistant/fast-twitch oxidative fibers, type IIb fibers are fast fatigable/fast-twitch glycolytic fibers, and type IIx fibers have intermediate fatigue resistance between the IIa and IIb fibers \[[@B7-ijms-20-06062]\]. The fiber-type composition differs depending on the location of the skeletal muscle. The gastrocnemius muscle predominantly consists of type IIb muscle fibers \[[@B8-ijms-20-06062]\]. The human diaphragm consists of 50% type I, 25% type IIa, and 25% type IIx muscle fibers. Both the inspiratory and expiratory intercostal muscles have at least 10% more type I fibers than the diaphragm \[[@B9-ijms-20-06062]\]. Slow-twitch (type I) fibers are known to be more insulin-sensitive than fast-twitch (type II) fibers \[[@B10-ijms-20-06062]\]. In accordance, the proportion of slow-twitch fibers in T2D patients is lower than in non-diabetic control subjects \[[@B10-ijms-20-06062]\]. Considering that fiber composition is unique to each muscle, we hypothesize that the mechanism of muscle atrophy or weakening in the skeletal muscles of T2D patients is different from the mechanism of muscle atrophy in the respiratory muscles, which has not been fully studied.

Muscle atrophy results from the imbalance between the synthesis and degradation of proteins \[[@B11-ijms-20-06062]\]. Mammalian/mechanistic target of rapamycin complex 1 (mTORC1) responds to intracellular nutrients and is one of the critical mediators of protein synthesis in muscles \[[@B11-ijms-20-06062]\]. mTOR is a highly conserved serine-threonine kinase that is a master regulator of cell growth. mTORC1 and mTORC2 are biochemically and functionally distinct complexes \[[@B5-ijms-20-06062]\]. mTORC1 responds to changes in amino acids, cellular energy status, oxygen levels, growth factors, and the mechanical contraction of muscles \[[@B5-ijms-20-06062]\]. The muscle-specific loss of mTORC1 reduces muscle mass and oxidative function \[[@B12-ijms-20-06062]\]. Rapamycin, a specific inhibitor of mTOR, targets the function of mTORC1 and dampens postnatal muscle growth and muscle regeneration \[[@B13-ijms-20-06062],[@B14-ijms-20-06062]\]. Sustained mTORC1 activation in muscle has been shown to block both constitutive and starvation-induced autophagy through mTORC1-mediated ULK1 inhibition, leading to late-onset myopathy \[[@B15-ijms-20-06062]\]. Taken together, these previous reports indicate that mTORC1 activity is closely associated with the regulation of muscle mass.

In the present study, we examine the intercostal muscles from *db/db* mice for muscle wasting by comparing these muscles with the gastrocnemius muscle from *db/db* mice. The *db/db* mice carry a mutation in the leptin receptor gene and are a well-established model of obesity-induced type 2 diabetes \[[@B16-ijms-20-06062]\]. mTORC1 activity and Akt phosphorylation levels decreased and were followed by a reduction in FoxO phosphorylation in both the intercostal and gastrocnemius muscles of *db/db* mice. Autophagic flux increased in the gastrocnemius muscle but not in the intercostal muscles of *db/db* mice; however, the levels of Atrogin-1 and MuRF1 increased in both muscle types. Taken together, we conclude that the signaling pathways of muscle wasting in the intercostal muscles of *db/db* mice are different than those in the gastrocnemius muscle of *db/db* mice.

2. Results {#sec2-ijms-20-06062}
==========

2.1. Both mTORC1 and Akt Are Suppressed in the Intercostal and Gastrocnemius Muscles in db/db Mice {#sec2dot1-ijms-20-06062}
--------------------------------------------------------------------------------------------------

First, we compared mTOR signaling of the intercostal muscles to mTOR signaling of the gastrocnemius muscle of *db/db* mice. mTOR is a critical regulator of muscle mass maintenance via its role in controlling the rate of protein synthesis and degradation \[[@B17-ijms-20-06062]\]. Because mTOR is activated by nutrients and growth factors, we isolated muscle samples after a regular meal without overnight fasting to assess the basal level of mTOR activity in the intercostal and gastrocnemius muscles of *db/db* mice. The serum levels of glucose and insulin were relatively high in *db/db* mice compared to non-diabetic control mice ([Figure 1](#ijms-20-06062-f001){ref-type="fig"}A,B), confirming the diabetic status of *db/db* mice that others have reported \[[@B18-ijms-20-06062]\].

In contrast, mTOR protein levels remained unchanged in both the intercostal and gastrocnemius muscles of *db/db* mice compared to control mice ([Figure 2](#ijms-20-06062-f002){ref-type="fig"}A,B). The phosphorylation of Akt was significantly decreased in both of the muscle types of *db/db* mice despite the high insulin levels ([Figure 2](#ijms-20-06062-f002){ref-type="fig"}A,C) as previously reported in skeletal muscles \[[@B18-ijms-20-06062]\] and pancreatic β-cells \[[@B19-ijms-20-06062]\]. However, phosphorylation of NDRG1, a downstream target of SGK1 under mTORC2 activity, increased in both the intercostal and gastrocnemius muscles of *db/db* mice ([Supplementary Figure S1A,B](#app1-ijms-20-06062){ref-type="app"}). This result indicates that the decrease in Akt phosphorylation in both muscle types may be regulated by other factors in addition to mTORC2 activity. Furthermore, IRS-1 expression was completely attenuated in both the intercostal and gastrocnemius muscles from *db/db* mice ([Figure 2](#ijms-20-06062-f002){ref-type="fig"}A,D), offering a molecular explanation for the reduced phosphorylation of Akt through a decrease in phosphoinositide dependent kinase 1 (PDK1). This observation suggests the presence of an insulin signaling defect in the *db/db* mice. The activity of mTORC1 was also decreased in both muscle types, as evidenced by the reduction in phosphorylation of protein S6 at residue Ser-235/236 ([Figure 2](#ijms-20-06062-f002){ref-type="fig"}E,F). However, phosphorylation of Thr-37/46 of 4EBP1 ([Figure 2](#ijms-20-06062-f002){ref-type="fig"}E,F) and Ser-2448 of mTOR ([Figure 2](#ijms-20-06062-f002){ref-type="fig"}A,F), target sites of mTORC1 and S6K1, respectively, was significantly reduced in the gastrocnemius muscle but not the intercostal muscles of *db/db* mice. These results suggest that the overall activity of mTORC1 was diminished in both the intercostal and gastrocnemius muscles but to a lesser extent than in skeletal muscles.

2.2. FoxO Activation and the Expression of Atrogin-1 and MuRF1 Are Induced in the Muscles of db/db Mice {#sec2dot2-ijms-20-06062}
-------------------------------------------------------------------------------------------------------

Akt phosphorylates FoxO transcription factors in response to an increase in insulin receptor (IR) or insulin-like growth factor 1 (IGF-1), resulting in the inhibition of FoxO transcriptional activity, which is one of the main roles of insulin in the liver \[[@B19-ijms-20-06062]\]. Therefore, we assessed the phosphorylation of FoxO1 and FoxO3a in the intercostal and gastrocnemius muscles of *db/db* mice compared to control mice. The phosphorylation of FoxO1 at Ser-256 and FoxO3a at Thr-32 was significantly suppressed in both muscle types tested ([Figure 3](#ijms-20-06062-f003){ref-type="fig"}A,B). Next, we measured the mRNA expression of KLF15, one of several Kruppel-like, zinc finger transcription factors (KLFs) whose expression is directly induced by glucocorticoids \[[@B20-ijms-20-06062]\]. KLF15 mRNA levels were increased significantly in the intercostal muscles of *db/db* mice, whereas they were only mildly enhanced in the gastrocnemius muscle of *db/db* mice ([Figure 3](#ijms-20-06062-f003){ref-type="fig"}C).

FoxO transcription factors are known to regulate a wide range of atrophy-related genes in muscle tissue, including Atrogin-1, MuRF1, and autophagy genes \[[@B21-ijms-20-06062],[@B22-ijms-20-06062]\]. KLF15 is also a well-known transcription factor that regulates the expression of Atrogin-1 and MuRF1 \[[@B20-ijms-20-06062]\]. Atrogin-1 and MuRF1 are E3 ubiquitin ligases that are expressed in skeletal muscle and bind to polyubiquitinated proteins to direct them for subsequent degradation by the 26S proteasome \[[@B23-ijms-20-06062]\]. The expression levels of Atrogin-1 and MuRF1 were increased in the gastrocnemius muscle (as previously reported \[[@B24-ijms-20-06062]\]), as well as in the intercostal muscles of *db/db* mice ([Figure 4](#ijms-20-06062-f004){ref-type="fig"}A,B), indicating that the increase in expression of Atrogin-1 and MuRF1 is correlated with FoxO activation and KLF15 expression in both the intercostal and gastrocnemius muscles of insulin-resistant *db/db* mice. Consistent with changes in protein expression, mRNA expression levels of Atrogin-1 ([Figure 4](#ijms-20-06062-f004){ref-type="fig"}C) and MuRF1 ([Figure 4](#ijms-20-06062-f004){ref-type="fig"}D) were significantly increased in the intercostal and gastrocnemius muscles of *db/db* mice compared to control mice. These results suggested that ubiquitin-dependent protein degradation was activated in both the intercostal and gastrocnemius muscles of *db/db* mice.

2.3. Autophagy is Elicited in the Gastrocnemius Muscle but not the Intercostal Muscles of db/db Mice {#sec2dot3-ijms-20-06062}
----------------------------------------------------------------------------------------------------

FoxO stimulates lysosomal proteolysis in muscle cells by activating the expression of autophagy-related genes \[[@B22-ijms-20-06062]\]. The mRNA levels of autophagosome-specific phosphatidyl inositol 3-kinase (PI3K) complex-related genes (Vps34, Vps15, Beclin1, UVRAG, and Atg14L) and autophagosome-located genes (LC3B and p62) were significantly increased in the intercostal muscles of *db/db* mice ([Figure 5](#ijms-20-06062-f005){ref-type="fig"}A). However, only Vps34, UVRAG, Atg14L, LC3B, and p62 mRNA levels were notably enhanced in the gastrocnemius muscle of *db/db* mice ([Figure 5](#ijms-20-06062-f005){ref-type="fig"}A). In addition, autophagic flux, characterized by an increase in LC3BII/I and a decrease in p62 protein levels, was enhanced in the gastrocnemius muscle but remained unchanged in intercostal muscles ([Figure 5](#ijms-20-06062-f005){ref-type="fig"}B,C). Next, we examined autophagic flux in the muscles of diet-induced obese (DIO) mice to determine whether the increase in autophagic flux in the gastrocnemius muscles was induced in other T2D mouse models. Exposure to high-fat diets (HFDs) often induces the development of T2D and obesity \[[@B25-ijms-20-06062]\]. Serum glucose levels were significantly elevated (up to 1.6-fold) in HFD-fed mice compared to mice fed regular chow (RC) diets ([Supplementary Figure S2A](#app1-ijms-20-06062){ref-type="app"}), but glucose levels were generally lower than those of *db/db* mice ([Figure 1](#ijms-20-06062-f001){ref-type="fig"}A) as previously reported \[[@B26-ijms-20-06062]\]. Akt phosphorylation at Ser473 was increased in both the intercostal and gastrocnemius muscles ([Supplementary Figure S2B,C](#app1-ijms-20-06062){ref-type="app"}). Notably, the autophagic flux in both muscles of HFD-mice, indicated by p62 and LC3BII/I levels, was comparable to that in both muscles of RC-mice ([Supplementary Figure S2D,E](#app1-ijms-20-06062){ref-type="app"}). Although *db/db* mice and DIO mice are used as models of obesity and T2D, DIO mice showed only mild hyperglycemia ([Supplementary Figure S2A](#app1-ijms-20-06062){ref-type="app"}), which may not have been enough to result in the signaling events observed in muscles of *db/db* mice. Hence, these results suggest that a more severe diabetic condition could be a prerequisite for the differential increase in autophagic flux observed in the gastrocnemius muscle of *db/db* mice.

Consistent with this observation, the induction of autophagosome machinery, demonstrated by phosphorylation of AMP-activated protein kinase (AMPK) at Thr-172 and ULK1 at Ser-555, increased in the gastrocnemius muscle of *db/db* mice but not in the intercostal muscles ([Figure 6](#ijms-20-06062-f006){ref-type="fig"}A,B). The phosphorylation of ULK1 at Ser-757, a regulatory site of mTORC1, was significantly decreased in the intercostal muscles, reflecting the reduced activity of mTORC1 ([Figure 6](#ijms-20-06062-f006){ref-type="fig"}A,B). Together, these results suggest that autophagy is induced in the gastrocnemius muscle but not in the intercostal muscles of *db/db* mice.

3. Discussion {#sec3-ijms-20-06062}
=============

The association between diabetes and a decrease in skeletal muscle mass and muscle strength has been well studied in the past. In previous studies, diabetic patients showed an annual loss of muscle mass and muscle strength of up to 26% and 33%, respectively, compared to normal control subjects \[[@B27-ijms-20-06062],[@B28-ijms-20-06062],[@B29-ijms-20-06062],[@B30-ijms-20-06062]\]. The mechanism of how muscle atrophy is aggravated by diabetes has been studied using animal models and human samples. Insulin deficiency in streptozotocin-induced type 1 diabetic (T1D) rats induces significant muscle atrophy that leads to increased proteasomal protein degradation in muscle cells \[[@B31-ijms-20-06062]\]. Compared to the T1D mouse model, muscle atrophy in T2D animal models is more complicated. Muscle mass remains unchanged or shows only a mild decrease in the high fat diet-induced T2D mouse model \[[@B32-ijms-20-06062],[@B33-ijms-20-06062],[@B34-ijms-20-06062]\], whereas muscle size is severely reduced in the *db/db* T2D mouse model \[[@B35-ijms-20-06062],[@B36-ijms-20-06062]\]. Muscle atrophy of T2D could be more important than muscle atrophy of T1D from a clinical perspective because the incidence rate of T2D is 90--95% of all diabetes cases \[[@B31-ijms-20-06062]\]. However, it is unclear whether muscle loss is determined by a defect in insulin signaling or the degree or elevated insulin and glucose.

It has been theorized that muscle atrophy occurs in the respiratory muscles in patients with diabetic to the same extent as that in the extremity muscles. The decrease in respiratory muscle strength in patients with T2D is correlated with an increase in the incidence of aspiration, aspiration pneumonia, physical functional limitations, and mortality \[[@B37-ijms-20-06062]\]. Furthermore, pneumonia can cause death in patients with T2D, especially older patients \[[@B38-ijms-20-06062]\]; a Japanese study found that 12% of diabetic patient deaths were due to pneumonia \[[@B38-ijms-20-06062]\]. Therefore, a comparison of muscle atrophy and its associated mechanisms between the extremity and respiratory muscles of T2D patients is warranted. In the present study, we analyzed the signaling pathways of muscle loss in the intercostal muscles and the gastrocnemius muscles of *db/db* mice. Notably, we found that the expression levels of MuRF1 and Atrogin-1 were increased in both the intercostal and gastrocnemius muscles of *db/db* mice, whereas autophagic flux was increased in the gastrocnemius muscle but not the intercostal muscles ([Figure 7](#ijms-20-06062-f007){ref-type="fig"}). These results suggest that the mechanism of muscle wasting in the intercostal muscles is different from that in the gastrocnemius muscle.

Considering the low basal activity of mTORC1 in the muscles of *db/db* mice and the critical role that mTORC1 plays in protein synthesis, we speculate that a decrease in protein synthesis could be the cause of the observed reduction in muscle mass. In addition, an increase in the phosphorylation of AMPK ([Figure 5](#ijms-20-06062-f005){ref-type="fig"}) and Atrogin-1 expression ([Figure 4](#ijms-20-06062-f004){ref-type="fig"}) could further impair muscle protein synthesis. An increase in the phosphorylation of AMPK inhibits mTORC1 activity by phosphorylating TSC2 \[[@B39-ijms-20-06062]\] and raptor \[[@B40-ijms-20-06062]\]. Atrogin-1 reduces protein synthesis by stimulating the degradation of eIF3f, an essential factor controlling protein translation \[[@B41-ijms-20-06062]\]. In the current study, we observed that an increase in the phosphorylation of AMPK was significant in the gastrocnemius muscle of *db/db* mice but not in the intercostal muscles. This observation suggests that the interruption of protein synthesis by activated AMPK may not regulate intercostal muscle mass. Protein half-life was determined by basal protein breakdown, which affects the total protein content of the cell \[[@B42-ijms-20-06062]\], suggesting that a decrease in protein synthesis alone might not evoke muscle atrophy. Whether protein synthesis or protein degradation is more important for maintaining intercostal muscle mass warrants further study.

An increase in the expression levels of Atrogin-1 and MuRF1 is responsible for shifting the net maintenance of protein levels towards protein degradation during conditions that induce muscle atrophy \[[@B43-ijms-20-06062]\]. In the present study, impaired IRS-1 expression and Akt phosphorylation led to reduced phosphorylation of FoxO transcription factors, which can translocate into the nucleus and induce gene expression. Atrogin-1 and MuRF1 dramatically increase during a catabolic state under FoxO regulation \[[@B44-ijms-20-06062]\] and glucocorticoid-induced KLF15 expression \[[@B20-ijms-20-06062]\]. FoxO family transcription factors have been shown to bind to the promoters of Atrogin-1 and MuRF1 \[[@B45-ijms-20-06062]\]. In addition, KLF15 can give rise to Atrogin-1 and MuRF1 directly, as well as indirectly, through FoxO expression, because KLF15 also induces FoxO1 and FoxO3a. The significant increase in expressions of Atrogin-1 and MuRF1 ([Figure 4](#ijms-20-06062-f004){ref-type="fig"}) was accompanied by the activation of FoxO transcription factors and KLF15 in both the intercostal and gastrocnemius muscles of *db/db* mice ([Figure 3](#ijms-20-06062-f003){ref-type="fig"}). Notably, we showed that muscle wasting in the intercostal muscles is different from that in the gastrocnemius muscle of *db/db* mice; autophagic flux was induced only in the gastrocnemius muscle but not in the intercostal muscles, whereas Atrogin-1 and MuRF1, two ubiquitin ligases that are known to be present in skeletal muscles, were enhanced in both muscles ([Figure 5](#ijms-20-06062-f005){ref-type="fig"}). These results suggest that another regulatory mechanism may block autophagic flux in the intercostal muscles, resulting in only mild protein degradation under diabetic conditions and the relative preservation of muscle mass in the intercostal muscles.

The role of autophagy in skeletal muscles is complex. An increase in autophagic flux is observed under conditions that induce muscle atrophy (such as bed rest, cachexia, or denervation), but the inhibition of autophagy also induces muscle atrophy via the accumulation of damaged proteins \[[@B42-ijms-20-06062]\]. In the current study, autophagic flux in the gastrocnemius muscle of *db/db* mice increased and was accompanied by an increase in phosphorylation of ULK1 and AMPK ([Figure 6](#ijms-20-06062-f006){ref-type="fig"}). ULK1 is required for autophagy initiation \[[@B46-ijms-20-06062]\]. ULK1 activation is induced by the loss of mTOR-induced Ser-757 phosphorylation and the addition of AMPK-induced Ser-555 phosphorylation \[[@B46-ijms-20-06062]\]. Considering that phosphorylation of ULK1 at Ser-555 and AMPK at Thr-172 remained unchanged in the intercostal muscles of *db/db* mice, the decrease in ULK1 Ser-757 phosphorylation may not have been sufficient to activate ULK1 and the subsequent autophagy-inducing signal, suggesting that the role of AMPK in autophagy initiation is more critical than the role of mTOR. In addition to the direct ULK1 activation and mTOR inhibition, AMPK regulates autophagy in diverse ways. AMPK activates FoxO3a, which upregulates the transcription of muscle-specific atrogenes \[[@B47-ijms-20-06062]\]. AMPK also phosphorylates Beclin1, which can activate the pro-autophagic Vps34 complex or the non-autophagic Vps34 complex \[[@B48-ijms-20-06062]\]. In *db/db* mice, AMPK was significantly activated in the gastrocnemius muscle but not in the intercostal muscles, subsequently leading to an increase in autophagic flux, which supports the important role of AMPK in the autophagy of muscles. In addition, the upregulation of LC3B and p62 at the mRNA level ([Figure 5](#ijms-20-06062-f005){ref-type="fig"}A) did not correspond to the changes in their protein levels in the current study ([Figure 5](#ijms-20-06062-f005){ref-type="fig"}B,C). Since these proteins are sequestered in the autophagosome and destroyed when the autophagosome and lysosome fuse, transcriptional upregulation of the mRNA of these genes represents an increase in the expression of autophagy-related genes consistent with an increase in autophagic flux ([Figure 5](#ijms-20-06062-f005){ref-type="fig"}B,C) \[[@B42-ijms-20-06062]\].

Although this is the first report to illustrate the differences in the molecular signaling in muscle protein synthesis and degradation between the intercostal and gastrocnemius muscles under diabetic conditions in addition to the presence of muscle protein wasting signaling events in the intercostal muscles of *db/db* mice, several limitations restrict the interpretation of the current study. Because the differential increases in autophagic flux in the gastrocnemius muscles of *db/db* mice were not observed in DIO mice ([Supplementary Figure S2D,E](#app1-ijms-20-06062){ref-type="app"}), the molecular events that we observed in *db/db* mice are limited to *db/db* mice-like conditions. Hence, we speculate that the differences between the intercostal and the gastrocnemius muscles only become obvious with severe diabetic symptoms (e.g., high glucose levels, high insulin levels, severe weight gain), as seen in *db/db* mice. Severe diabetic conditions could be required to result in the differences observed between the intercostal muscles and the gastrocnemius muscle. Another limitation of the current study is that we primarily focused on differentiating the molecular events in the intercostal muscles from the molecular events in the gastrocnemius muscle. The mechanistic basis of the signaling of muscle protein synthesis and degradation in the intercostal and gastrocnemius muscles remains to be addressed.

The present study suggests that the increase in Atrogin-1 and MuRF1 expression in the intercostal muscles may result in intercostal muscle wasting in *db/db* mice ([Figure 7](#ijms-20-06062-f007){ref-type="fig"}). Moreover, we propose that the muscle loss caused by T2D in the intercostal muscles is different from gastrocnemius muscle loss, suggesting that each muscle is regulated differently in T2D ([Figure 7](#ijms-20-06062-f007){ref-type="fig"}). It is plausible that the respiratory muscles tend to preserve muscle mass under T2D conditions considering that autophagic flux was not induced in these muscles. It was reported that the incidence of T2D in chronic obstructive pulmonary disease (COPD) patients is high \[[@B49-ijms-20-06062]\], and a modest association between patients with moderate COPD and patients with an increased risk of diabetes has been reported \[[@B50-ijms-20-06062]\]. Therefore, the increase in muscle wasting observed in T2D patients may be associated with mortality caused by respiration difficulties; this hypothesis will need to be studied further to analyze the mechanism of muscle atrophy in the intercostal muscles and to provide a clearer understanding of the clinical relevance of respiratory muscle maintenance.

4. Materials and Methods {#sec4-ijms-20-06062}
========================

4.1. Antibodies and Other Reagents {#sec4dot1-ijms-20-06062}
----------------------------------

Antibodies were purchased from the following sources: LC3B from Novus Biologicals (Centennial, CO, USA); tubulin from Abcam (Cambridge, UK); MuRF1 and Atrogin-1 from Santa Cruz Biotechnology (Dallas, TX, USA); pT32-Foxo3a from Millipore (Burlington, MA, USA); secondary antibodies from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA). All other primary antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). All other reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Animals {#sec4dot2-ijms-20-06062}
------------

Thirteen-week-old BKS(D)-*Lepr^db^*/JOrlRj (*db/db*) male mice (Jackson Laboratory, Bar Harbor, ME, USA) and thirteen-week-old C57BL/6J male mice (Daehan Bio Link, Chungbuk, Repubulic of Korea) were kept in temperature-controlled cages (20--22 °C) with a reverse light-dark cycle (8 pm--8 am) with free access to water and food. All experimental protocols used for animal studies, as well as their maintenance and care, were conducted in accordance with Gachon University Animal Care Guidelines. All animal procedures were approved by the Gachon University of Medicine and the Institutional Animal Care and Use Committee (IACUC) (permission number: LCDI-2017-0121, 1 October 2017).

4.3. Tissue Lysis, Immunoprecipitation, and Western Blot Analysis {#sec4dot3-ijms-20-06062}
-----------------------------------------------------------------

Total protein samples were extracted from muscle using T-PER tissue protein extraction reagent supplemented with protease and phosphatase inhibitors (Thermo Scientific, Waltham, MA, USA). The muscle samples were disrupted with a steel bead in the extraction buffer using a TissueLyser II (Qiagen, Hilden, Germany) set at 30 Hz for 1--2 min. The supernatant was collected after microcentrifugation at 13,000× *g* for 10 min at 4 °C and then boiled in sodium dodecyl sulfate (SDS) sample buffer for 5 min. Proteins were resolved by electrophoresis on SDS-polyacrylamide gels and then transferred to polyvinylidene fluoride membranes (Millipore, Burlington, MA, USA). Antibody incubations were followed according to the manufacturer's recommended conditions. Immobilon Western Chemiluminescent HRP substrate (Millipore, Burlington, MA, USA) was used to detect horseradish peroxidase-conjugated secondary antibodies. Western blot band intensities were quantified by densitometry of x-ray film images using the software ImageJ.

4.4. RNA Isolation and Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) {#sec4dot4-ijms-20-06062}
-------------------------------------------------------------------------------------------------------

The muscles were lysed in TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) using a TissueLyser II (Qiagen, Hilden, Germany) set at 30 Hz for 30 s, 6--8 times. Total RNA was isolated according to the manufacturer's protocol. cDNA was synthesized from 2 μg of RNA using the TOPscript^TM^ RT DryMIX kit (dT18 plus) (Enzynomics, Daejeon, Repubulic of Korea). Real-time quantitative PCR analyses were performed using a CFX384 C1000 thermal cycler (Bio-Rad, Hercules, CA, USA) using TOPreal^TM^ qPCR 2X PreMIX (SYBR Green with high ROX) (Enzynomics, Daejeon, Repubulic of Korea). For normalization of gene expression, mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used. All primers used for RT-qPCR are shown in [Table 1](#ijms-20-06062-t001){ref-type="table"}.

4.5. Statistical Analysis {#sec4dot5-ijms-20-06062}
-------------------------

All data are presented as the mean ± standard error of the mean (SEM). Where necessary, statistical significance was determined by performing a Student's *t*-test. *p*-Values \< 0.05 were considered statistically significant.
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Supplementary materials can be found at <https://www.mdpi.com/1422-0067/20/23/6062/s1>. Figure S1: The phosphorylation of NDRG1 did not change significantly in either the intercostal or gastrocnemius muscles of *db/db* mice. Figure S2: Akt phosphorylation and autophagic flux did not change in high fat diet-fed mice.
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![Basal levels of glucose and insulin in *db/db* mice and control mice. (**A**) Basal blood glucose levels in *db/db* and control mice (*n* = 6). (**B**) Basal insulin levels in *db/db* and control mice (*n* = 6). The data are shown as the mean ± standard error of the mean. Statistical analysis was performed with unpaired Student's *t*-tests. \* *p* \< 0.05; \*\* *p* \< 0.01; control mice versus *db/db* mice.](ijms-20-06062-g001){#ijms-20-06062-f001}

![Both mTORC1 and Akt levels are suppressed in both the intercostal and gastrocnemius muscles of *db/db* mice. (**A**) The intercostal and gastrocnemius muscles were lysed and subjected to Western blot analysis (*n* = 6). (**B**--**D**) The relative intensities of the bands were quantified using ImageJ analysis software (*n* = 6). Data are displayed for mTOR compared to tubulin (**B**), pAkt compared to Akt (**C**), and IRS-1 compared to tubulin (**D**). (**E**) The samples were prepared identically to (**A**). (**F**) The relative intensities of the bands were quantified using ImageJ analysis software (*n* = 6). pSer-2448-mTOR compared to mTOR, pSer-235/236-S6 compared to S6, and pThr-37/46-4EBP1 compared to 4EBP1. The data are shown as the mean ± standard error of the mean. Statistics were calculated with unpaired Student's *t*-tests. \* *p* \< 0.05; \*\* *p* \< 0.01; control mice versus *db/db* mice. Abbreviations: intercostal muscles (Int); gastrocnemius muscle (Gas).](ijms-20-06062-g002){#ijms-20-06062-f002}

![FoxO1 activity, FoxO3a activity, and KLF15 expression are all increased in the intercostal and gastrocnemius muscles of *db/db* mice. (**A**) The intercostal and gastrocnemius muscles were lysed and subjected to Western blot analysis (*n* = 6). (**B**) The relative intensities of the bands were quantified using ImageJ analysis software (*n* = 6). Data are displayed for pSer-256-FoxO1 compared to FoxO1 and pThr-32-FoxO3a compared to FoxO3a. (**C**) The intercostal and gastrocnemius muscles were lysed and subjected to RT-qPCR analysis (*n* = 6). Mouse GAPDH was used to normalize gene expression. The data are shown as the mean ± standard error of the mean. Statistical analysis was performed with unpaired Student's *t*-tests. \* *p* \< 0.05; \*\* *p* \< 0.01; control mice versus *db/db* mice. Abbreviations: intercostal muscles (Int); gastrocnemius muscle (Gas).](ijms-20-06062-g003){#ijms-20-06062-f003}

![The levels of Atrogin-1 and MuRF1 are increased in the intercostal and gastrocnemius muscles of *db/db* mice. (**A**) The intercostal and gastrocnemius muscles were lysed and subjected to Western blot analysis (*n* = 6). (**B**) The relative intensities of the bands were quantified using ImageJ analysis software (*n* = 6). Atrogin-1 and MuRF1 levels are shown, both in comparison with tubulin levels. (**C**,**D**) The intercostal and gastrocnemius muscles were lysed and subjected to RT-qPCR analysis (*n* = 6). Mouse GAPDH was used to normalize gene expression. The data are shown as the mean ± standard error of the mean. Statistical analysis was performed with unpaired Student's *t*-tests. \* *p* \< 0.05; \*\* *p* \< 0.01; control mice versus *db/db* mice. Abbreviations: intercostal muscles (Int); gastrocnemius muscle (Gas).](ijms-20-06062-g004){#ijms-20-06062-f004}

![Autophagic flux is increased in the gastrocnemius muscle but not in the intercostal muscles of *db/db* mice. (**A**) The intercostal and gastrocnemius muscles were lysed and subjected to RT-qPCR analysis (*n* = 6). Mouse GAPDH was used to normalize gene expression. (**B**) The intercostal and gastrocnemius muscles were lysed and subjected to Western blot analysis (*n* = 6). (**C**) The relative intensities of the bands were quantified using ImageJ analysis software (*n* = 6). Data are presented for LC3BII compared to LC3BI and p62 compared to tubulin. The data are shown as the mean ± standard error of the mean. Statistical analysis was performed with unpaired Student's *t*-tests. \*\* *p* \< 0.01; control mice versus *db/db* mice. Abbreviations: intercostal muscles (Int); gastrocnemius muscle (Gas).](ijms-20-06062-g005){#ijms-20-06062-f005}

![The initiation of autophagy is induced in the gastrocnemius muscle of *db/db* mice through phosphorylation of Ser-555 in ULK1 and Thr-172 in AMPK. (**A**) The intercostal and gastrocnemius muscles were lysed and subjected to Western blot analysis (*n* = 6). (**B**) The relative intensities of the bands were quantified using ImageJ analysis software (*n* = 6). Data are presented for pSer-555-ULK1 compared to ULK1, pSer-757-ULK1 compared to ULK1, and pThr-172-AMPK compared to AMPK. The data are shown as the mean ± standard error of the mean. Statistics analysis was performed with unpaired Student's *t*-tests. \* *p* \< 0.05; \*\* *p* \< 0.01; control mice versus *db/db* mice. Abbreviations: intercostal muscles (Int); gastrocnemius muscle (Gas).](ijms-20-06062-g006){#ijms-20-06062-f006}

![Proposed model of protein degradation signaling events in the intercostal and the gastrocnemius muscles of *db/db* mice. Akt phosphorylation and mTORC1 activity decrease; subsequently, FoxO activity and KLF15 expression increase leading to an increase in Atrogin-1 and MuRF1 expression. The increase in AMPK phosphorylation at Thr-172 and subsequent ULK1 phosphorylation at Ser-555 is accompanied by the enhancement in autophagic flux in the gastrocnemius muscles but not in the intercostal muscles of *db/db* mice.](ijms-20-06062-g007){#ijms-20-06062-f007}
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Primers used for RT-qPCR analyses.

  Target Gene           Sequence of Primer
  --------------------- ----------------------------
  *mouse GAPDH F*       *TCCCACTCTTCCACCTTCGA*
  *mouse GAPDH R*       *CAGGAAATGAGCTTGACAAAGTTG*
  *mouse p62 F*         *GAAGCTGCCCTATACCCACA*
  *mouse p62 R*         *GAGAAACCCATGGACAGCAT*
  *mouse LC3B F*        *TTATAGAGCGATACAAGGGGGAG*
  *mouse LC3B R*        *CGCCGTCTGATTATCTTGATGAG*
  *mouse Vps34 F*       *CCTGGACATCAACGTGCAG*
  *mouse Vps34 R*       *TGTCTCTTGGTATAGCCCAGAAA*
  *mouse Vps15 F*       *GGTGGTCACGTTGCTAAGC*
  *mouse Vps15 R*       *CGCAGGTGCCAATCATTCTTAT*
  *mouse Beclin1 F*     *ATGGAGGGGTCTAAGGCGTC*
  *mouse Beclin1 R*     *TCCTCTCCTGAGTTAGCCTCT*
  *mouse UVRAG F*       *ACATCGCTGCTCGGAACATT*
  *mouse UVRAG R*       *CTCCACGTCGGATTCAAGGAA*
  *mouse Atg14L F*      *GAGGGCCTTTACGTGGCTG*
  *mouse Atg14L R*      *AATAGACGAAATCACCGCTCTG*
  *mouse MuRF1 F*       *TCCTGGACGAGAAGAAGAGC*
  *mouse MuRF1 R*       *TGCTCCCTGTACTGGAGGAT*
  *mouse Atrogin-1 F*   *GCAACAAGGAGGTATACAGTAAGG*
  *mouse Atrogin-1 R*   *TCCTTCGTACTTCCTTTGTGAAC*
  *mouse KLF15 F*       *CTGCAGCAAGATGTACACCAA*
  *mouse KLF15 R*       *TCATCTGAGCGTGAAAACCTC*
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